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Abstract
3D printing of materials with active functional groups can provide customdesigned structures that promote
chemical conversions. Herein, catalytically active architectures were produced by photopolymerizing
bifunctional molecules using a commercial stereolithographic 3D printer. Functionalities in the monomers
included a polymerizable vinyl group to assemble the 3D structures and a secondary group to provide them
with active sites. The 3D-printed architectures containing accessible carboxylic acid, amine, and copper
carboxylate functionalities were catalytically active for the Mannich, aldol, and Huisgen cycloaddition
reactions, respectively. The functional groups in the 3D-printed structures were also amenable to post-printing
chemical modification. As proof of principle, chemically active cuvette adaptors were 3D printed and used to
measure in situ the kinetics of a heterogeneously catalyzed Mannich reaction in a conventional solution
spectrophotometer. In addition, 3D-printed millifluidic devices with catalytically active copper carboxylate
complexes were used to promote azidealkyne cycloaddition under flow conditions. The importance of
controlling the 3D architecture of the millifluidic devices was evidenced by enhancing reaction conversion
upon increasing the complexity of the 3D prints.
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Direct 3D Printing of Catalytically Active Structures 
J. Sebastián Manzano, Zachary B. Weinstein, Aaron D. Sadow, Igor I. Slowing*
 
U.S. Department of Energy, Ames Laboratory, Ames, IA 50011-3020, USA 
Department of Chemistry, Iowa State University, Ames, IA 50011-3111, USA 
ABSTRACT: 3D printing of materials with active functional groups can provide custom-
designed structures that promote chemical conversions. Herein, catalytically active architectures 
were produced by photopolymerizing bifunctional molecules using a commercial 
stereolithographic 3D printer. Functionalities in the monomers included a polymerizable vinyl 
group to assemble the 3D structures and a secondary group to provide them with active sites. The 
3D-printed architectures containing accessible carboxylic acid, amine, and copper carboxylate 
functionalities were catalytically active for the Mannich, aldol, and Huisgen cycloaddition 
reactions, respectively. The functional groups in the 3D-printed structures were also amenable to 
post-printing chemical modification. As proof of principle, chemically active cuvette adaptors 
were 3D printed and used to measure in situ the kinetics of a heterogeneously catalyzed Mannich 
reaction in a conventional solution spectrophotometer. In addition, 3D-printed millifluidic 
devices with catalytically active copper carboxylate complexes were used to promote azide-
alkyne cycloaddition under flow conditions. The importance of controlling the 3D architecture of 
the millifluidic devices was evidenced by enhancing reaction conversion upon increasing the 
complexity of the 3D prints. 
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INTRODUCTION 
3D printing, also known as additive manufacturing, is a “bottom-up” technique for assembling 
materials layer-by-layer to produce three-dimensional objects.
1
 The process is typically guided 
by a model created through computer–aided design. Although this technology was developed in 
the 1980s, its applications have only started to grow significantly in the past decade.
2
 3D printing 
has been used to produce functional architectures in the biomedical field,
3-6
 as well as 
electronics,
7
 mechanical devices,
8-16
 periodic microstructures,
17, 18
 and ceramics.
17, 19-22
   
In contrast to the above applications, the use of additive manufacturing to control chemical 
processes is fairly recent, the first example being Cronin group’s 3D printing of inert reactors 
with controlled architectures.
23, 24
 Incorporation of chemical activity to 3D-printed objects has 
been achieved by post-printing deposition of catalysts,
25, 26
 or by adding atom-transfer radical 
polymerization initiators to commercial resins, which then act as covalent binding sites on the 
printed solids.
27
 Chemically active 3D-printed structures have also been produced by dispersion 
of reactive nanoparticles into printable matrices,
28, 29
 or by extruding alumina inks followed by 
high temperature sintering.
30, 31
 
To further expand the possibilities of using additive manufacturing for controlling chemical 
reactions, this work introduces a general concept that involves direct 3D printing of molecules 
with catalytically active functional groups. This strategy provides additional control to existing 
approaches as it allows directly positioning chemically active sites in intricate geometries (e.g. 
the interior walls of catalytic millifluidic devices, or small components of spectrophotometer 
cells that enable real time monitoring catalytic conversions). This new approach is still 
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compatible with post-print chemical transformations of the active sites or introduction of 
orthogonal catalytic functionalities, which provides the additional opportunity of producing 
multifunctional architectures by using sub-stoichiometric amounts of modifiers. The concept is 
based on using bifunctional molecules as building blocks, where one functional group serves to 
assemble 3D objects via polymerization and a second functionality with orthogonal reactivity 
provides the printed architectures with the chemical activity of interest. Additive manufacturing 
technologies based on spatially resolved photopolymerization such as stereolithography (SLA) or 
Continuous Liquid Interface Production (CLIP)
1, 32
 are well suited to this approach because they 
typically use reactive acrylate and bis(acrylate) esters as monomers and crosslinkers respectively. 
These reactive monomers fit the proposed design as they are functionalized alkenes in which the 
double bond yields the 3D objects upon polymerization and possess an additional functional 
group that can deliver the target chemical activity. In this work, replacement of the ester moiety 
with other functional groups was explored as a means to produce catalytically active 
architectures (Figure 1). Importantly, this approach involves covalent immobilization of active 
sites on the prints which prevents catalyst leaching and consequent loss of activity. A second 
functional alkene monomer can also be added to the resin formulation to 3D print co-polymers 
and produce bifunctional architectures. Therefore, this approach can directly produce 
multifunctional objects with simultaneous control of structure and chemical activity. 
Herein, formulations of functional group-containing monomers were 3D printed into 
catalytically active architectures via SLA (Figure 1b). The formulations were based on acrylic 
acid to give monofunctional structures and on mixtures of acrylic acid with allylamine, 
diallylamine or copper acrylate to print bifunctional structures. Additional components of the 
formulations included a cross-linker and a photoinitiator. The 3D-printed architectures were 
Page 3 of 41
ACS Paragon Plus Environment
ACS Catalysis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 4
tested as catalysts in a three component Mannich reaction, an aldol condensation that benefits 
from cooperativity between neighboring acid and amine functionalities, and a copper-catalyzed 
Huisgen cycloaddition reaction. In addition, as proof of concept, custom catalytic devices were 
3D printed and used to study the kinetics of individual steps of the Mannich reaction and to 
perform continuous flow azide-alkyne cycloadditions. 
 
Figure 1. a) Bifunctional molecules as building blocks for 3D printing chemically active 
architectures: photopolymerization of an alkene bearing a functional group (FG) leads to a 
polymer with pendant active sites. b) 3D printing setup: a laser beam (405 nm) induces site-
specific photopolymerization of the monomer inside a tank,  the reaction is restricted to the 
irradiated area due to radical quenching by dissolved oxygen,
33
 polymerization takes place on a 
z-stage that is elevated following completion of each layer.  
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EXPERIMENTAL 
Chemicals. Acrylic acid, poly(ethylene glycol) diacrylate (PEGDA, average Mn 575), 
phenylbis-(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), allylamine, diallylamine, phenyl 
acetylene, 4-nitrobenzaldehyde, fluorescein isothiocyanate isomer I, N,N'-
Dicyclohexylcarbodiimide (DCC), ninhydrin, and aniline were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Cyclohexanone was purchased from Fischer Scientific (Waltham, MA, 
USA), and basic copper carbonate from Alfa Aesar (Tewksbury, MA, USA). All reagents were 
ACS grade or higher and used without further purification.  
Resin formulation. Copper acrylate, Cu(O2CCH=CH2)2. Synthesis followed a previously 
reported procedure.
34
 Basic copper carbonate (16.1 g, 72.8 mmol) was suspended in acrylic acid 
(30 mL, 437 mmol) and stirred at r.t. After 1 h, acetone (20 mL) was added, and the mixture was 
allowed to stir overnight. A blue-green solid precipitated, and the mixture was filtered. 
Continuous extraction with acetone (250 mL) in a Soxhlet apparatus provided a concentrated 
solution. The solution was cooled to 0 °C yielding crystalline blue solid Cu(O2CCH=CH2)2, 
which was isolated by filtration, washed with cold acetone, and dried overnight under vacuum. 
Yield 19.4 g (64.8%). IR (KBr, cm
-1
): 1638, 1564, 1448, 1366, 1280, 1083, 1054, 992, 953, 899, 
838, 676, 663, 619, 528. EA: C6H6CuO4, calc. C, 35.04%; H, 2.94%; found C, 35.37%; H, 
2.84%. 
-COOH Resin. The acidic resin was prepared by mixing acrylic acid (70 mL, 1021 mmol) and 
PEGDA (30 mL, 58 mmol) in an Amber flask. Then, BAPO (0.350 g, 0.84 mmol) was added to 
the resin and the mixture was homogenized (14 000 rpm, 5 min). The solution was poured into 
the resin tank of a FormLabs Form 1+
TM
 3D printer (Somerville, MA, USA) and used for 
printing. 
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-COOH-co-NH2/-NH Resins. The amine-modified resins were prepared by mixing acrylic 
acid (70 mL, 1021 mmol) and PEGDA (30 mL, 58 mmol) in an Amber flask. The flask was then 
set in an ice-bath and allylamine (6.0 mL, 80 mmol) or diallylamine (6.0 mL, 49 mmol) were 
added dropwise into the solution controlling carefully the temperature to prevent unwanted pre-
polymerization. BAPO (0.350 g, 0.84 mmol) was then added and the mixture was homogenized 
(14 000 rpm, 5 min). The solution was poured into the resin tank of a FormLabs Form 1+
TM
 3D 
printer (Somerville, MA, USA) and used for printing.   
-(COOH)2Cu Resin. The metal resin was prepared by mixing acrylic acid (70 mL, 1021 
mmol) and PEGDA (30 mL, 58 mmol) in an Amber flask. Then, copper acrylate (0.70 g, 3.4 
mmol) and BAPO (0.350 g, 0.84 mmol) were added to the resin and the mixture was 
homogenized (14 000 rpm, 5 min). The solution was poured into the resin tank of the FormLabs 
Form 1+
TM
 3D printer (Somerville, MA, USA) and used for printing.   
3D printing. The CAD designs were prepared using AutoCad 2014 software and exported as 
STL files (Supplementary files available). 3D printing was performed via spatially resolved 
layer-by-layer photoinduced polymerization and cross-linking of acrylate based resins. A 
FormLabs Form 1+TM 3D printer (405 nm laser) was used with the clear resin settings for the 
laser polymerization. The selected design was an Ames Laboratory logo modified with small 
appendages to evaluate fine detail printing.  After printing, the unreacted monomer was removed 
from the printed objects by immersion in toluene bath for 2 h. Final curing was performed by 
exposing the 3D object to UV irradiation (λ = 320 nm) in a rayonet photoreactor for 10 min.  
Solvent compatibility assays. 3D printed AL-COOH (0.140 g) was immersed in 10 mL of 
testing solvent (dichloromethane, toluene, acetone, water) inside a closed 20 mL vial. The vial 
was set in a heated aluminum block on top of an orbital shaker, and was shaken at 200 rpm for 
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24 h at 40 °C. After that time the solvent was replaced with fresh solvent and the heated shaking 
was repeated for 4 additional 24 h periods. The 3D printed AL-COOH were then visually 
examined and the supernatants were tested for residues of polymer by ESI-MS on an Agilent 
QTOF 6540. 
pH measurements. A 3D-printed AL-COOH (0.140 g) was immersed in 10 mL of deionized 
water (18 MΩ). The pH was measured with an Accumet benchtop pH meter at 20 °C every 5 
min until stabilized. The pH value was stable for at least 2 weeks.  
N,N'-Dicyclohexylcarbodiimide (DCC) coupling of aniline. DCC (20 mg, 0.097 mmol) was 
dissolved in 3 mL of dichloromethane (DCM) in a 20 mL vial. A printed AL-COOH (0.140 g) or 
AL-COOH-co-NH2 was added to the mixture and shaken (300 rpm) for 1 h to activate the 
pendant carboxylic groups. Later, 3 mL of a solution of aniline (200 mM in DCM) was added to 
the solution and shaken for 16 h. The AL-COOH/AL-COOH-co-NH2 was then washed 
thoroughly with DCM to remove physically adsorbed species. The DCM solvent was then 
evaporated from the washes under reduced pressure, and water (15 mL) was added to dissolve 
the residual aniline. An aliquot (40 µL) was taken and was diluted in water (1 mL) and 
quantified by UV-Vis spectroscopy. 
Kaiser test. Ninhydrin (20 mg, 0.097) was dissolved in ethanol (15 mL). A printed AL-
COOH-co-NH2 or AL-COOH-co-NH (0.170 g) was added to the vial along with 3 mL of pure 
ethanol. The mixture was heated for 10 min at 100 ºC to obtain the Ruheman’s purple complex. 
The AL-COOH-co-NH2 was removed and washed with ethanol (5 mL) to remove physically 
adsorbed species. Finally, this solution was quantified by UV-Visible spectroscopy. 
Hexadecylamine was used as standard to prepare a calibration curve.   
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 8
Theoretical volume calculation. The Autodesk® Netfabb® software was used to calculate 
the volume of a 70 µm shell. In this software, the volume was calculated for a complete AL-
logo, as well as for each volume reduced version, taking 600 µm steps. Finally, an interpolation 
was performed to find the volume at a thickness of 70 µm.  
Electron microscopy. Scanning electron microscopy (SEM) and energy dispersive x-ray 
spectroscopy (EDS) were conducted using a FEI Teneo LoVac microscope operating at 10 kV. 
The 3D-printed objects were directly glued to the sample holder for analysis.  
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy. 
Measurements were made on a Bruker Vertex 80 FT-IR spectrometer with OPUS software. The 
spectrometer was equipped with a diamond sealed high pressure clamp ATR MIRacle PIKE 
accessory where the 3D-printed samples were pressed against the crystal to collect the respective 
spectrum. 32 scans were collected for each measurement in absorbance mode with 4 cm
-1
 
resolution.  
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). After performing 
the click reaction catalyzed by AL-(COOH)2-Cu, the 3D object was removed and the samples 
were concentrated under reduced pressure. Samples were calcined at 550 ºC for 6 h to remove 
the remaining organic material and aqua-regia was added to dissolve the metal particles. The 
solution was analyzed in a Perkin Elmer Optima 2100 DV Inductively Coupled Plasma-Optical 
Emission Spectroscope and concentration was obtained by interpolation into a freshly prepared 
calibration curve. 
FITC labeling. AL-COOH-co-NH2 and AL-COOH-co-NH were immersed in a FITC solution 
in acetone (0.8 mg mL
-1
 and 1.6 mg mL
-1
 respectively). After shaking overnight, the samples 
were washed thoroughly with acetone to remove physically adsorbed species and dried under air. 
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 9
Elemental analysis was performed using a Perkin-Elmer 2400 Series II CHN/S with acetanilide 
as calibration standard, and combustion and reduction temperatures of 925 ºC and 640 ºC 
respectively. 
Fluorescence microscopy. FITC-treated AL-COOH-co-NH2/AL-COOH-co-NH were 
sectioned and analyzed under a Nikon eclipse Ti-U inverted microscope equipped with an AT 
EGFP/FITC/Cy2/Alexa Fluor 488 filter under 480 nm excitation. 
Catalytic Reactions. All reactions were performed in triplicate, unless otherwise stated.  
Mannich reaction. Cyclohexanone (510 µL, 4.93 mmol) was dissolved in 1 mL DCM. Then, 
aniline (100 µL, 1.09 mmol), benzaldehyde (102 µL, 1.00 mmol) and an AL-COOH (0.140 g, 57 
µmol accessible acidic groups) or commercial poly(acrylic acid) (4 mg, 57 µmol accessible 
acidic groups) catalyst were added to the mixture. The solution was placed in an orbital shaker at 
300 rpm and shaken for 4 h at r.t. The solution was concentrated under reduced pressure and 
purified by chromatography using a silica column (2 : 8, hexanes : ethyl acetate). Reaction 
conversions were measured by 
1
H NMR spectroscopy using 1,4-dioxane as internal standard. 
NMR spectra consistent with previous reports.
35, 36
 
1
H NMR (500 MHz, CDCl3): δ(ppm) 7.45 – 
7.08 (m, 7H), 6.71 – 6.63 (m, 3H), 4.90 (br, 1H), 4.75 (d, J = 6.8 Hz, 1H), 2.85 –  2.71 (m, 1H), 
2.54 – 2.31 (m, 2H), 2.07 – 1.64 (m, 6H). MS (ESI): calcd. for [M+H]
+
 280.17, found 280.17. 
Mannich reaction-Kinetics study-Step 1. 50 µL of 1.0 mM solution of aniline was mixed 
with 50 µL of 1.0 mM solution of benzaldehyde and 2.9 mL of DCM in a 3 mL quartz cuvette 
(initial concentrations: 17 µM aniline, 17 µM benzaldehyde). The kinetic adaptor was added and 
the cuvette was set into a heated (40 ºC) cell holder of a HP 8453 UV-Visible spectrophotometer. 
Temperature was controlled using a thermostated circulator bath. Formation of N-
benzylideneaniline was tracked at 264 nm.  
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 10
Mannich reaction-Kinetics study-Step 2. 500 µL of 50 mM solution of cyclohexanone was 
mixed with 50 µL of 1.0 mM solution of N-benzylideneaniline and 2.45 mL of DCM in a 3 mL 
quartz cuvette (initial concentrations: 17 µM N-benzylideneaniline, 8.3 mM cyclohexanone). 
The kinetic adaptor was added and the cuvette was set into a heated (40 ºC) cell holder of a HP 
8453 UV-Visible spectrophotometer. Temperature was controlled using a thermostated circulator 
bath. Formation of the Mannich product was monitored at 250 nm. 
Mannich reaction-Kinetics study-full reaction. 500 µL of 50 mM solution of cyclohexanone 
was mixed with 50 µL of 1.0 mM solution of aniline and 50 µL of a 1.0 mM solution of 
benzaldehyde and 2.4 mL of DCM in a 3 mL quartz cuvette (initial concentrations: 17 µM 
aniline, 17 µM benzaldehyde, 8.3 mM cyclohexanone). The kinetic adaptor was added and the 
cuvette was set into a heated (40 ºC) cell holder of a HP 8453 UV-Visible spectrophotometer. 
Temperature was controlled using a thermostated circulator bath. Formation of the Mannich 
product was monitored at 250 nm. 
3D printing millifluidic devices (MF-devices). To 3D print the MF-devices the following 
parameters were changed using the OpenFL Preform software. The only parameters changed 
were: “otherlayerpasses” = 3, “earlylayerpasses” = 3 and “SliceHeight” = 0.2. 
Aldol condensation. 4-Nitrobenzaldehyde (60 mg, 0.4 mmol) was mixed with 3 mL of 
acetone and a AL-COOH-co-NH2 (0.170 g, 14.6 µmol accessible groups), AL-COOH-co-NH 
(0.170 g, 8.0 µmol accessible groups) or poly(allyl amine) (0.0049 g, 86 µmol accessible 
groups). The solution was shaken at 300 rpm for 24 h at 40 ˚C. The solution was concentrated 
under reduced pressure and the products analyzed by 
1
H NMR spectroscopy using dimethyl 
sulfone as an internal standard. 
1
H NMR (500 MHz, CDCl3): δ (ppm) aldol product: 8.20 (d, J = 
8.7 Hz, 2H), 7.55 (d, J = 9.0 Hz, 2H), 5.26 (t, J = 6.1 Hz, 1H), 2.86 (d, J = 6.0 Hz, 2H), 2.21 (s, 
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3H); enone product, 8.29 (d, J = 9.0 Hz 2H), 7.71(d, J = 9.0 Hz 2H), 7.56 (d,1H), 6.84 (d, J = 9.0 
Hz 1H), 2.42 (s, 3H). TOF was defined as mmol of products divided by mmol of accessible 
amine groups in the catalyst divided by 24 h. TOFs are reported as averages of three reactions 
and errors are reported as two standard deviations from the average. 
Synthesis of Benzyl azide. Benzyl azide was prepared based on a previously reported 
procedure.
37
 Benzyl bromide (1.2 mL, 8.6 mmol) was dissolved in 40 mL of acetone/water 
solution (3:1). Sodium azide (0.7 g, 10.8 mmol) was added slowly within 1 min and the solution 
was stirred for 2 h. Benzyl azide was extracted with DCM (40 mL) and washed with brine and 
then water (100 mL each). The product was concentrated from the organic layer by solvent 
evaporation under reduced pressure. 
1
H NMR (500 MHz, CDCl3): δ (ppm) = 7.56 – 7.28 (m, 
5H), 4.36 (s, 2H). IR (KBr, cm
-1
): 3032, 2930, 2097, 1497, 1498, 1350, 1254. 
Huisgen cycloaddition. Benzyl azide (200 µL, 1.61 mmol), phenylacetylene (200 µL, 1.82 
mmol) and triphenylphosphine (5.0 mg, 0.019 mmol) were mixed in a vial containing a 3D-
printed AL-(COO)2Cu (0.170 g) in DCM (3 mL). The solution was shaken in an orbital shaker at 
300 rpm for 24 h at 40 ˚C. The solution was concentrated under reduced pressure and the product 
was analyzed by 
1
H NMR spectroscopy using dimethyl sulfone as internal standard. 
1
H NMR 
(500 MHz, CDCl3): δ (ppm) = 7.82 (d, J = 6.8 Hz, 2H), 7.69 (s, 1H), 7.42 – 7.26 (m, 8H), 5.53 
(s, 2H). Turnover frequency for this reaction was defined as mmol of products divided by mmol 
of accessible copper sites (assuming a 70 µm penetration depth) in the catalyst divided by 24 h. 
TOFs are reported as average of three reactions and errors are reported as two standard 
deviations from the average. 
Flow Huisgen cycloaddition. Benzyl azide (200 µL, 1.61 mmol), phenylacetylene (200 µL, 
1.82 mmol) and triphenylphosphine (5.0 mg, 0.019 mmol) were mixed in DCM (5 mL). The 
Page 11 of 41
ACS Paragon Plus Environment
ACS Catalysis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 12
solution was flowed through each millifluidic device at room temperature at a 5.0 mL h
-1
 rate. 
The collected solution was concentrated under reduced pressure and the product was analyzed by 
1
H NMR spectroscopy using dimethyl sulfone as an internal standard. 
1
H NMR (500 MHz, 
CDCl3): δ (ppm) = 7.82 (d, J = 6.8 Hz, 2H), 7.69 (s, 1H), 7.42 – 7.26 (m, 8H), 5.53 (s, 2H). 
 
RESULTS AND DISCUSSION 
3D Printing of Acid Functionalized Architectures. First, monofunctional architectures bearing 
acid sites were produced. To this end a 3D printing resin was prepared using acrylic acid (AA) as 
the bifunctional building block. Poly(ethylene glycol) diacrylate (PEGDA, Mn 575) was added as 
a cross-linker, and phenylbis-(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) as the 
photoinitiator
38
 (mole ratios 17.6/1/0.01 AA/PEGDA/BAPO). As a proof of concept, a modified 
Ames Lab logo (designated as AL-COOH) was printed in a commercial SLA 3D printer (Figure 
2). Immersion of the 3D printed AL-COOH in organic solvents (dichloromethane, toluene and 
acetone) under shaking and heating (5 cycles of 24 h at 200 rpm and 40 °C) did not change the 
size and aspect of the prints. Electrospray ionization mass spectrometry (ESI-MS) of the 
supernatants revealed no traces of oligomers, suggesting AL-COOH can be used under these 
conditions without risk of degradation. Resolution of the prints was tested using transverse stick 
pile models with varying thicknesses, the smallest achievable features were 400 µm thickness 
and 4000 µm spacing (Figure S1). 
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Figure 2. a) AutoCAD model of a modified Ames Laboratory logo (AL), and b) 3D-printed 
structures (AL-COOH) of different sizes. 
The properties and accessibility of carboxylic acid functional groups in AL-COOH were 
characterized by a combination of infrared spectroscopy, pH measurements, and surface 
reactivity. ATR-FTIR spectra were collected directly by pressing the AL-COOH print against the 
ATR crystal and showed an asymmetric band in the carbonyl region (Figure 3, black spectrum) 
that was deconvoluted into three peaks centered at 1672, 1708, and 1735 cm
-1
 (Figure S2). These 
peaks were assigned to the C=O stretches of hydrogen-bonded and non-hydrogen bonded 
carboxylic acids of polyacrylic acid (PAA) and the ester groups of PEGDA, respectively.
39, 40
 
Immersion of the printed AL-COOH (0.140 g) in water (10 mL) gave an acidic solution (pH 
3.2). Based on the pKa of PAA (4.5)
41
 the amount of exchangeable protons was estimated at 440 
± 20 µmol g
-1
. This number is significantly lower than what would be expected from the original 
resin composition (9495 µmol g
-1
), suggesting not all of the carboxylic groups are accessible to 
the solvent. The accessible carboxylic acid groups were quantified by activation with N,N’-
dicyclohexylcarbodiimide (DCC) followed by titration with aniline to form amide. The 
consumption of aniline by the DCC treated AL-COOH indicated 409 ± 6 µmol accessible sites 
per gram, and corresponded well with the estimate from pH measurement. The FTIR spectrum of 
the amido product, AL-CONHPh, revealed amide I and II bands at 1686 and 1541 cm
-1
 (Figure 
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3, red spectrum). C=C stretching modes (1600 and 1493 cm
-1
) characteristic of the aromatic 
groups were also visible in the spectrum. Deconvolution of the overlapping bands in the carbonyl 
region indicated a decrease in the intensity ratio between the polyacrylic acid and PEGDA bands 
compared to the original AL-COOH. This change in ratio further suggested that only a fraction 
of the carboxylates reacted with aniline, likely corresponding to surface groups while the bulk 
groups remained unchanged (Figure S3). It must be noted that because ATR is a surface 
technique and the analysis was done by directly pressing the printed AL-COOH against the 
crystal, signals from the surface are enhanced relative to the bulk. Further evidence of the limited 
accessibility to the bulk was obtained by treating the 3D-printed architecture with a copper 
nitrate solution. Examination of a cross-section of the treated material by light microscopy 
revealed a penetration depth of ca. 70 µm (Figure S4). The volume fraction of this layer with 
respect to the total volume of the AL-COOH print was estimated using Autodesk Netfabb 
software. The estimate (2.9 %, Figure S5) was comparable to the fraction of accessible 
carboxylic groups determined by titration with DCC/aniline (4.3 %). 
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Figure 3. FTIR spectra of AL-COOH before (black) and after (red) DCC-mediated coupling 
with aniline. The latter shows amide I and amide II bands at 1686 cm
-1
 and 1542 cm
-1
.  
Catalytic Activity of 3D-Printed Architectures. The 3D-printed AL-COOH was then tested 
as an acid catalyst for a three-component Mannich reaction (Equation 1),
42
 where protonations 
are proposed to promote imine formation of a non-enolizable aldehyde and enolization of a 
ketone. The imine and enol then react to yield the β-aminocarbonyl product (Figure S6).
43
 
Addition of AL-COOH to a mixture of benzaldehyde (1.0 mmol), aniline (1.1 mmol) and 
cyclohexanone (4.9 mmol) gave a 2.5-fold enhancement in product yield compared to the 
reaction in absence of the print and in presence of an AL 3D-printed using only the PEGDA 
cross-linker (70 ± 5 % yield, 28 % without AL-COOH and 29% with AL-PEGDA, 4 h, r.t, 2 mL 
dichloromethane (DCM), 5 mol % accessible COOH). The catalytic activity was comparable 
with that of commercial polyacrylic acid (PAA). AL-COOH was recycled without any apparent 
loss in catalytic activity or polymer degradation (evaluated by ESI-MS) (Figure S7). 
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(1) 
 
To highlight the custom manufacturing capabilities of 3D printing, the catalytic poly(acrylic 
acid) polymer was printed into a shape (UV-COOH) that enabled in situ monitoring the kinetics 
of the Mannich reaction via solution UV-Visible spectroscopy. The UV-COOH print was 
designed so that it could be inserted into a standard cuvette without interfering with the beam 
path (Figure 4a), allowing the collection of reaction spectra in real time to provide insight into 
the heterogeneous catalytic process. To monitor the reaction in the linear region of chromophore 
absorbances, the conditions were adjusted to lower reactant concentrations (17 µM aniline and 
benzaldehyde, 8.3 mM cyclohexanone) and higher temperature (40 °C, continuous stirring in 
DCM) than those using AL-COOH. These conditions along with the use of the 3D-printed PAA 
allowed continuous collection of spectra as the reaction progressed. In contrast, the use of 
suspended polymer particles of PAA gave no distinct signals due to intense scattering (Figure 
S8). Under these conditions, the initial rate of the reaction catalyzed by the 3D-printed PAA was 
over 25 times higher than the uncatalyzed reaction (Figure 4b, Table 1). 
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Figure 4. a) CAD model and 3D-printed catalytic cuvette adaptor to monitor the kinetics of 
formation of b) the Mannich product from reaction between benzaldehyde and aniline (17 µM 
each) and cyclohexanone (8.3 mM) and the two main steps of the reaction, namely: c) formation 
of N-benzylideneaniline intermediate from benzaldehyde and aniline (17 µM each), and d) 
formation of Mannich product by reaction between the intermediate N-benzylideneaniline (17 
µM) and cyclohexanone (8.3 mM). Blue and red data points correspond to experiments with and 
without the 3D-printed catalytic polymer, respectively. Horizontal axis is time and has the same 
scale for all plots. All reactions were performed under constant stirring at 40 ºC in DCM, and 
monitored at 250 nm for b) and d), and 264 nm for c). 
 
(2) 
 
(3) 
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Because PAA is expected to be catalytically active for each of the two main reaction steps, the 
effect of the 3D-printed material was investigated separately for each of them. The kinetics of the 
first step (Equation 2) were investigated by reacting benzaldehyde and aniline (17 µM each, in 
DCM, 40 °C, constant stirring, no cyclohexanone) in presence and absence of the 3D-printed 
PAA. Formation of the N-benzylideneaniline product was monitored at 264 nm (Figure 4c). 
Comparison of the initial rates indicated a large catalytic effect of the material on the reaction 
(over 50 times, Table 1). The Brønsted acid has two competing effects on imine formation: on 
one hand it limits the equilibrium concentration of the free amine required for forming a 
carbinolamine intermediate, on the other it activates the aldehyde for nucleophilic attack and 
promotes dehydration of the carbinolamine to give the imine product.
43
 The large rate 
enhancement observed with the 3D-printed PAA suggests that its role in aldehyde activation and 
carbinolamine dehydration outweighs the low equilibrium concentration of the free amine, which 
seems to be quickly replenished as it is consumed in the reaction. A somewhat smaller, yet fairly 
significant, catalytic effect of the 3D-printed PAA was also observed in the second major step of 
the Mannich reaction, i.e. the reaction between the isolated N-benzylideneaniline (17 µM) and 
excess cyclohexanone (8.3 mM) (Equation 3, ca. 10-fold initial rate increase, Table 1). This step 
was performed under the same conditions as the first step (DCM, 40 °C, continuous stirring) and 
monitored at 250 nm. The Brønsted acid is proposed to participate in this step by activating the 
α-carbon of cyclohexanone via enolization and protonating the imine to facilitate nucleophilic 
attack. In the PAA-catalyzed conversion, this step was slower than the first step of the reaction 
and rate limiting. While the differences in apparent catalytic effect between the two steps could 
be rationalized in terms of a larger steric hindrance for the protonated N-benzylideneaniline as 
opposed to the protonated benzaldehyde, it is interesting to note that for the non-catalyzed 
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process the second step is faster than the first one. This suggests that steric hindrance may not be 
the only or most relevant difference determining the relative rates of the two main steps of the 
reaction. Thus, for the non-catalyzed reaction the higher rate of the second step may be due to 
the reaction proceeding mainly via direct substitution of the carbinolamine intermediate by the 
large excess of cyclohexanone with little formation of imine.
44
 In contrast, for the PAA-
catalyzed reaction, the capacity of the protonated imine to accommodate the positive charge 
(Step 2) makes it less reactive than the protonated aldehyde (Step 1).
45, 46
  
 
Table 1. Initial rates of individual steps and complete Mannich reaction between aniline, 
benzaldehyde and cyclohexanone in absence and presence of 3D-printed PAA.
a
 
  
Step 1 
(× 10
-3
 µM s
-1
) 
Step 2 
(× 10
-3
 µM s
-1
) 
Complete 
(× 10
-3
 µM s
-1
) 
Non-catalyzed   1.35 ± 0.10  5.08 ± 0.06  2.04 ± 0.24 
Catalyzed by 3D-Printed PAA 79.6 ± 9.2 54.2 ± 1.1 54.4 ± 4.6 
a
Reaction conditions: 40 °C in DCM, constant stirring for all reactions; 17 µM aniline and 17 
µM benzaldehyde for step 1; 17 µM N-benzylideneaniline and 8.3 mM cyclohexanone for step 
2; 17 µM aniline, 17 µM benzaldehyde and 8.3 mM cyclohexanone for the complete reaction. 
Initial rates were calculated from the slope of the first 50 s of each reaction. 
 
3D Printing of Bifunctional Materials via co-Polymerization. Copolymers containing 
multiple functional groups have been demonstrated to enhance catalytic conversions via 
cooperativity between the different types of active sites.
47
 To explore this possibility on 3D-
printed catalytic structures, a new resin containing allylamine and acrylic acid as co-monomers 
along with the PEGDA crosslinker and BAPO photoinitator was formulated (1.4/17.6/1/0.01 
mole ratios, respectively). The resulting bifunctional acid/base 3D-printed structures were 
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designated as AL-COOH-co-NH2. The presence of chemically accessible amine groups was 
confirmed by the green fluorescence of fluorescein isothiocyanate (FITC)-treated 3D prints 
(Figure S10a, b). Fluorescence microscopy analysis of cross sections of FITC-treated AL-
COOH-co-NH2 indicated that the probe penetrated about 70 µm into the printed structure 
(Figure S10c), which is similar to that observed for Cu
2+
 on AL-COOH (Figure S4). This result 
is consistent with only a fraction of the functionalities being accessible for chemical conversions 
and provides a visual indicator of the active domains in the 3D-printed AL-COOH-co-NH2. In 
contrast, fluorescence was not detected in FITC-treated monofunctional AL-COOH under the 
same conditions. The amount of accessible amines in AL-COOH-co-NH2 was quantified by 
reaction of the printed material with ninhydrin.
48
 The resulting soluble bis-(1H-indene-1,3(2H)-
dione)imine (Ruhemann’s purple) was measured by UV-Vis spectroscopy indicating 86 ± 4 
µmol accessible –NH2 sites per gram of AL-COOH-co-NH2. 
ATR-FTIR analysis of AL-COOH-co-NH2 revealed two small bands at 1630 and 1545 cm
-1
 
that are consistent with asymmetric and symmetric stretching modes of ammonium, as expected 
for amine groups in presence of carboxylic acids (Figure S11). To investigate whether the 
accessible amines were located near carboxylic groups, AL-COOH-co-NH2 samples were treated 
with excess DCC in DCM followed by extensive washing. ATR-FTIR analysis of the treated 
prints indicated the formation of amide bonds (1635 and 1556 cm
-1
) suggesting close proximity 
between the pendant –COOH and –NH2 groups (Figure S11). Reaction of DCC-treated prints 
with ninhydrin quantified the remaining unreacted (i.e. isolated) amine sites as 21 ± 4 µmol g
-1
. 
Comparison with the initial amine surface loading indicated that three quarters (about 65 µmol g
-
1
) of the accessible amine groups are in close proximity to carboxylates. The remaining 
accessible acidic sites were also quantified by a second sequence of activation with DCC 
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followed by reaction with excess aniline giving 145 ± 7 µmol g
-1
. Thus, the total accessible 
carboxylates in the AL-COOH-co-NH2 prints was estimated as 210 µmol g
-1
, and ca. 30% of 
surface carboxylic acids were closely associated to surface amines. 
The AL-COOH-co-NH2 prints were then tested as catalysts for the cross-aldol condensation 
between 4-nitrobenzaldehyde and acetone (Equation 4). It has been reported that this reaction 
benefits from cooperative interactions between the catalytic amine groups and neighboring 
weakly acidic groups.
49-54
 Indeed, bifunctional AL-COOH-co-NH2 displayed a three-fold higher 
turnover frequency (TOF, based on the number of accessible amine groups) than monofunctional 
poly(allylamine) (7.04 ± 0.35 and 2.28 ± 0.46 × 10-3 h
-1
 respectively, Figure 5), suggesting 
cooperativity between carboxylate and amine groups in the prints. The catalytic AL-COOH-co-
NH2 was easily recycled without any indications of polymer degradation (evaluated by ESI-MS) 
(Figure S12).  
 
(4) 
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Figure 5. Catalytic activities of poly(allylamine) and 3D-printed AL-COOH-co-NH2 and AL-
COOH-co-NH in the aldol condensation between p-nitrobenzaldehyde and acetone. Reaction 
conditions: 0.4 mmol p-nitrobenzaldehyde, 40 ºC in 3 mL acetone. 
Previous reports have indicated that the activity of primary alkylamines for this reaction may 
be limited by the competitive interaction of the catalyst and the non-enolizable aldehyde 
substrate to reversibly form an inactive imine surface species.
50
 This catalyst deactivation has 
been solved by replacing the primary amine with a secondary amine, which cannot form imines 
in low polarity media.
50, 54
 Based on this information, a new bifunctional material was 3D printed 
using diallyl amine (secondary amine) and acrylic acid as co-monomers, and was designated as 
AL-COOH-co-NH (diallyl amine/acrylic acid/PEGDA/BAPO 0.84/17.6/1/0.01). Treatment of 
the print with ninhydrin changed its color to a slight orange (Figure S13a), confirming presence 
of secondary amines.
55
 Reaction of the print with FITC (Figure S13b) allowed quantification of 
accessible amine sites by determining the amount of S in the conjugate via combustion 
(elemental) analysis. The analysis indicated a loading of 47 ± 7 µmol of accessible secondary 
amines per gram of printed material. Use of AL-COOH-co-NH as a catalyst in the aldol 
condensation (Equation 4) led to a three-fold increase in TOF (0.0207 ± 0.0021 h
-1
) compared to 
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the primary amine print (AL-COOH-NH2) (Figure 5), this catalyst also retained its activity upon 
recycling (Figure S14).  The dramatic enhancement of catalytic activity of the new print 
illustrates the advantage of being able to select functional monomers for 3D printing of 
chemically active materials.  
 
3D Printing of Catalytic Transition Metal Complexes. The range of potential catalytic 
applications of 3D-printed structures can be even wider if the functional monomers also include 
reactive metal centers. For example copper(II) acetate and derivatives are used as catalysts for 
Huisgen cycloaddition reactions,
56
 as well as in oxidative conversions.
57
 To evaluate this 
possibility a resin containing copper acrylate was produced by dissolving the salt into the 
original resin formulation (copper acrylate/acrylic acid/PEGDA/BAPO 0.06/17.6/1/0.01). The 
resolution of the Cu-containing 3D prints improved compared to that of the original Cu-free resin 
(Figure S15). The minimum printable features determined with transverse stick pile models were 
300 µm thick layers and 2000 µm inter-layer spacings. Possible reasons for the improved 
resolution include a potential decrease in the concentration of free radical either by quenching by 
Cu(II) or by absorption of the complex at the laser wavelength (ε405nm of Cu acrylate in acrylic 
acid = 43 M
-1
 cm
-1
). The resulting AL-(COO)2Cu architectures had a uniform cyan color 
throughout the entire print suggesting successful incorporation and homogeneous dispersion of 
the metal centers (Figure 6a). SEM-EDS mapping of the 3D print confirmed the presence of Cu 
and suggested the metal was also homogeneously dispersed at the microscopic level (Figure 
6b,c). 
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Figure 6. a) 3D-printed AL-(COO)2Cu, b) SEM image of a cross section and c) its 
corresponding Cu-K SEM-EDS map showing homogeneous distribution of the metal. 
 ATR-FTIR analysis of the AL-(COO)2Cu 3D prints revealed three bands assigned to C=O 
stretches (Figure 7). The highest frequency band, centered at 1720 cm
-1
 matched the composite 
band previously observed in AL-COOH and was thus assigned to carboxylic and ester groups 
resulting from the acrylic acid and PEGDA components of the resin. The additional bands at 
1618 and 1447 cm
-1
 likely correspond to the antisymmetric and symmetric stretches of the 
Cu(II)-coordinated carboxylate group,
58
 based on comparison with the spectrum of copper(II) 
acetate.  The blue shift of these bands compared to the corresponding stretches in the original 
copper acrylate suggests successful polymerization of the monomer during 3D printing.  
 
Figure 7. ATR-FTIR spectra of the 3D-printed AL-(COO)2Cu polymer (blue), copper acetate 
(red), and copper acrylate (black).  
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The AL-(COO)2Cu print was catalytically active for the ‘click’ Huisgen cycloaddition reaction 
between phenylacetylene and benzyl azide (Equation 5). Based on the homogeneity of Cu 
distribution suggested by EDS mapping and the penetration depth of approximately 70 µm 
observed with the AL-COOH and AL-COOH-co-NH2 prints (corresponding to about 4 % of the 
print volume), the number of accessible Cu sites was estimated at ca. 2 µmol per gram of 
material. Based on this estimate, the TOF was approximately 4.8 ± 0.97 h
-1
 (1.8 mmol 
phenylacetylene, 1.6 mmol benzyl azide, 5.0 mg triphenylphosphine, 3 mL DCM, 40 ºC), which 
is comparable to previous reports.
37
 The catalytic AL-(COO)2Cu prints were recyclable (Figure 
S16) without any indications of polymer degradation (evaluated by ESI-MS). In addition, ICP-
OES analysis of the solvent after reaction revealed that Cu was not leached from the material. 
Only starting materials were observed under the same reaction conditions in absence of the print 
or using the original Cu-free AL-COOH 3D prints, indicating that the copper sites in the material 
are key to catalytic activity. 
 
 (5) 
 
To illustrate the benefits of using computer aided design to produce custom tools for synthetic 
chemistry, a millifluidic catalytically active device was 3D printed using the copper acrylate 
resin. To further demonstrate the convenience of this approach, the design of the millifluidic 
device was later modified to improve its performance and footprint. Milli- and micro-fluidic 
continuous flow reactors are typically designed with intricate flow paths to control turbulence, 
maximize contact with the surface and thereby affect the performance of chemical 
conversions.
12, 14, 59
 An important challenge in the design of fluidic devices involves controlling 
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the integration of active species (e.g. catalysts) so that they are homogeneously dispersed along 
the channel walls, maximize their contact with the flowing chemicals, and prevent clog 
formation that can happen if sites are deposited by precipitation.
60-62
 Furthermore, recent works 
have demonstrated the use of the Huisgen cycloaddition in microfluidic devices, however, the 
catalytic Cu species was not immobilized in the reactor walls but added to the flowing reaction 
mixture.
63, 64
 Such an approach limits catalyst recyclability and complicates the entire process 
because Cu needs to be separated from the products after the reaction. Here, incorporation of the 
active sites directly during 3D printing proved a facile way to overcome all of these challenges. 
First, a linear millifluidic device (4 mm wide and 135 mm long channel) was 3D printed using 
the copper acrylate resin (Figure 8a), and tested for the Cu(II)-catalyzed cycloaddition reaction 
described above. A mixture of benzyl azide (322 mM), phenylacetylene (364 mM) and 
triphenylphosphine (38 mM) in DCM was flowed with a syringe pump through the printed 
device at room temperature and a 5.0 mL h
-1
 rate (Figure 8b). Formation of the triazole product 
was observed at a rate of 21.9 ± 5.3 µmol h
-1
, confirming the millifluidic device was catalytically 
active. In contrast, no conversion was observed when flowing the same reaction mixture under 
the same conditions through a 3D-printed PAA millifluidic device lacking Cu. The reactor 
design was then modified to 3D print a more compact device with the same channel width and 
total path length (4 mm and 135 mm, respectively) but incorporating segments connected by 
180º turns (7 segments, Figure 8c). Upon flowing the benzyl azide, phenylacetylene and 
triphenylphosphine reaction mixture with the same concentrations and under the same conditions 
a significantly higher conversion rate was obtained (35.1 ± 5.7 µmol h
-1
).  The 1.6-fold increase 
in conversion rate can be attributed to the change in path architecture, specifically to the 
incorporation of the 180º turns, which likely improved reactant mixing and enhanced probability 
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of the reactants reaching the catalyst on the walls of the reactor. This result is consistent with 
previous reports that have shown tortuosity can increase conversion in flow reactors.
26
 This 
result demonstrates that 3D printing of chemically active materials is a facile and convenient way 
of controlling the performance of catalytic conversions. 
 
Figure 8. Millifluidic devices used for Cu-catalyzed azide-alkyne cycloaddition. a) Flow 
reaction setup. 3D printed devices and their models in b) linear and c) compact curved 
configurations (channel dimensions for both: 4 mm wide, 135 mm long). 
CONCLUSIONS 
This work demonstrates a general concept for 3D printing of polymers with intrinsic chemical 
activity. The design is based on using bifunctional molecules as building blocks, where a 
polymerizable double bond assembles the 3D structure via photopolymerization while the second 
functionality provides the chemical activity. The approach was exemplified by 3D printing an 
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acrylic acid-based resin, where the printed objects possessed accessible carboxylic groups on the 
order of hundreds of µmol g
-1
 located in a 70 µm thick surface layer.  
The 3D-printed materials can be further modified post-printing by transformations of the 
accessible functional groups on the surface. This was illustrated by reacting accessible 
carboxylic groups with aniline to yield surface anilides and by derivatizing surface amines with 
FITC to give fluorescent surfaces. The chemical properties of the 3D-printed architectures can 
also be controlled by co-polymerization of multiple monomers, as shown by 3D printing resins 
containing mixtures of acrylic acid with allyl amine, di-allyl amine or Cu(II) acrylate. Each of 
these mixtures was effectively co-polymerized as evidenced by their chemical and spectroscopic 
properties. 
The 3D-printed materials are active catalysts for different types of reactions, including a three-
component Mannich reaction catalyzed by acid terminated architectures, an aldol condensation 
cooperatively catalyzed by bifunctional acid-base 3D-printed objects (with primary or secondary 
amines), and an azide-alkyne Huisgen cycloaddition catalyzed by a copper acrylate based 
material. Covalent binding of the active sites in the printed structure prevented catalyst leaching 
and allowed efficient recycling. 
Ultimately, the combination of chemical control attained with this approach with the 
architectural control offered by 3D printing allows facile production and customization of tools 
for studying chemical processes in convenient ways. This was exemplified by producing a 
cuvette adaptor for studying the kinetics of individual steps of the heterogeneously catalyzed 
Mannich reaction. The adaptor allowed bypassing the limitations of conventional equipment 
(scattering by solids typically prevents use of solution UV-Visible spectrophotometer for 
monitoring heterogeneous reactions) providing insight into the mechanistic step where the 
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catalytic effect is most relevant to the conversion (i.e. imine formation), and how the presence of 
catalyst determines which is the rate limiting step of the reaction. In addition, this approach is 
useful to directly produce systems with catalytic sites homogeneously dispersed in locations that 
are difficult to access by other means, as proved by 3D printing Cu-acrylate based millifluidic 
devices able to catalyze alkyne-azide cycloadditions in continuous flow mode. Finally, the facile 
modification of flow reactor architectures allowed controlling the performance of catalytic 
reactions. Further developments are aimed towards increasing the number and kinds of printable 
active species, enhancing the penetration depth to increase the amount of accessible catalytic 
sites, and developing strategies to locate structural molecules in the bulk and active species 
exclusively on the accessible surface of the printed architectures. Ultimately, this new approach 
for producing chemically active architectures should be applicable to the production of complex 
functional devices capable of advanced tasks such as chemical synthesis, sensing, controlled 
release, or reactive separations.  
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Figure 1. a) Bifunctional molecules as building blocks for 3D printing chemically active architectures: 
photopolymerization of an alkene bearing a functional group (FG) leads to a polymer with pendant active 
sites. b) 3D printing setup: a laser beam (405 nm) induces site-specific photopolymerization of the 
monomer inside a tank,  the reaction is restricted to the irradiated area due to radical quenching by 
dissolved oxygen,30 polymerization takes place on a z-stage that is elevated following completion of each 
layer.  
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Figure 2. a) AutoCAD model of a modified Ames Laboratory logo (AL), and b) 3D-printed structures (AL-
COOH) of different sizes.  
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Figure 3. FTIR spectra of AL-COOH before (black) and after (red) DCC-mediated coupling with aniline. The 
latter shows amide I and amide II bands at 1686 cm-1 and 1542 cm-1.  
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Figure 4. a) CAD model and 3D-printed catalytic cuvette adaptor to monitor the kinetics of formation of b) 
the Mannich product from reaction between benzaldehyde and aniline (17 µM each) and cyclohexanone (8.3 
mM) and the two main steps of the reaction, namely: c) formation of N-benzylideneaniline intermediate 
from benzaldehyde and aniline (17 µM each), and d) formation of Mannich product by reaction between the 
intermediate N-benzylideneaniline (17 µM) and cyclohexanone (8.3 mM). Blue and red data points 
correspond to experiments with and without the 3D-printed catalytic polymer, respectively. Horizontal axis is 
time and has the same scale for all plots. All reactions were performed under constant stirring at 40 ºC in 
DCM, and monitored at 250 nm for b) and d), and 264 nm for c).  
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Figure 5. Catalytic activities of poly(allylamine) and 3D-printed AL-COOH-co-NH2 and AL-COOH-co-NH in the 
aldol condensation between p-nitrobenzaldehyde and acetone. Reaction conditions: 0.4 mmol p-
nitrobenzaldehyde, 40 ºC in 3 mL acetone.  
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Figure 6. a) 3D-printed AL-(COO)2Cu, b) SEM image of a cross section and c) its corresponding Cu-K SEM-
EDS map showing homogeneous distribution of the metal.  
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Figure 7. ATR-FTIR spectra of the 3D-printed AL-(COO)2Cu polymer (blue), copper acetate (red), and 
copper acrylate (black).  
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Millifluidic devices used for Cu-catalyzed azide-alkyne cycloaddition. a) Flow reaction setup. 3D printed 
devices and their models in b) linear and c) compact curved configurations (channel dimensions for both: 4 
mm wide, 135 mm long).  
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